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The use of additive manufacturing (AM) in tooling enables low production components 
to be fabricated with lower costs, reduced waste, increased design flexibility and reduced 
lead time. Invar 36 is a popular metal tooling material known for its low coefficient of 
thermal expansion. This work uses thermal finite element (FE) modeling as a tool to 
determine the feasibility of using Invar 36 in AM and to investigate the transient effect 
from common scanning strategies.  Results show that the steady-state melt pool 
dimensions behave similar to traditional AM materials for varying process parameters. 
Transient results show that the melt pool response is dependent on processing parameters. 
Single and multiple pass experiments were performed to compare the modeling results 
and determine additional effects caused by repeated scans. Results show that Invar 36 is a 
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The use of additive manufacturing (AM) technology has greatly increased over 
the past few decades because of the many added advantages of design flexibility and 
complexity that come with this technology. Metal AM processes are largely dominated 
by the fusion of several melt beads, the melt pool geometry of these melt scans will be 
studied using the numerical model for the selected process parameters. First, a single melt 
scan is investigated and then a multiple melt scan will be investigated in future work.  
The process parameters for LPBF (or any laser beam AM process) includes and 
are not limited to these: laser power, scan speed, laser spot size (area) etc. The use of a 
combination of the listed process parameters will amount to a unique temperature cycle 
within the build during fabrication. The thermal cycle within the build during fabrication 
is directly related to the microstructure, residual stress, and defects distribution within the 
fabricated part. Understanding the thermal cycles at any combination of process 
parameter will help in selecting the best design process parameter for the desired quality 
and microstructure. 
The goal of this study is the three dimensional modeling of a laser powder bed 
fusion (LPBF) process of AM technology to investigate the possible use of invar 36 
material for the production of cheap, light weight composite tooling. Invar 36 material 
properties are investigated using commercial finite element (FE) packages to predict the 
possible reaction of Invar 36 material in an actual LPBF process. Abaqus/CAE will be 
the commercial FE software used for the numerical models discussed in this study. This 
report was prepared with financial support from the State of Ohio through the Ohio 
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Federal Research Network. The content reflects the views of the author and does not 
purport to reflect the views of Wright State University, Wright State Applied Research 
Corporation or the State of Ohio. 
1.2 Objective 
In theory, any metal material that can be welded and processed in powder form 
can be used as a material source for metal AM processes. This work investigates the 
processing of Invar 36 powder using AM technology. Of all the metals used for 
composite tooling, Invar 36 closely matches the CTE of composites. The end application 
of this project is the development of low cost tooling for manufacturing limited 
production composite structures. However, before this can be accomplished, there is a 
lack of understanding for the process to structure relationships of using AM for Invar 
materials.  
Thus, this research is the investigation of the use of Invar 36 in AM. The primary 
objective of this thesis work is understanding the thermal effects of processing of powder 
Invar 36 using FE modeling of LBPF. This is done to understand: 
 The effect of processing parameters on melt-pool geometry formation at steady state. 
 The effects of transient processing conditions within a single stripe length on the melt 
pool geometry.  
The objective of the thermal analysis is to understand the response and behavior 
of Invar 36 powder with different processing conditions.  
1.3 Outline 
This paper describes and discusses the numerical modeling of the LPBF AM 
processing of Invar 36. Chapter 2 discusses the background topics to better understand 
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the basis for this thesis as well as discuss prior works using numerical models to predict 
AM process outcomes. Next, in Chapter 3, the FE theory formulation is presented after 
which the numerical model is described in Chapter 4. The numerical results are 
discussed, presenting both steady state and transient effects of heat deposition on melt 
pool formation in Chapters 5 and 6 respectively. The experimental analysis is described 
in Chapter 7 and the melt pool dimensions are compared with those from the numerical 
model showing both steady state and transient effects. Lastly, the final conclusion is 


















2 LITERATURE REVIEW 
2.1 Introduction 
This chapter discusses prior works that have been completed using numerical 
models to predict the AM process. Before this review, the theory behind AM, composite 
material tooling, and Invar 36 is discussed to better understand the basis for this thesis. 
2.2 Additive Manufacturing 
This end application of this research is aimed at the development of low cost 
manufacturing for limited production composite structures. One way of achieving low 
cost in limited production is the use of AM techniques. It gives designers prospects to 
fabricate components with complex geometries, such as embedded channels or lattice 
structures, within the fabricated part, and thus can be optimized for performance gains 
that cannot be achieved using traditional manufacturing techniques. 
AM processes, also called 3D printing or rapid prototyping, generates material 
and geometry simultaneously as the material is deposited layer by layer. This three-
dimensional object is built by transferring a computer aided drawing (CAD) file saved as 
a Stereolithograhy (.STL) file into the AM machine where it is sliced into layers [1]. AM 
reduces the cost of production by reducing waste of raw material, increased design 
flexibility and a reduced lead time of production. Figure 1 below shows the conversion of 




Figure 1A CAD model on the left converted into STL format on the right [12]. 
The AM software slices the data file into individual layers, which are sent as 
instructions to the AM machine, in which the building process takes place. The numerous 
ad AM processes differ according to the material, heat source, material feed, method of 
patterning and fusing layers they employ. AM processes come in a variety of scales and 
types and are designed for different material types (polymers, ceramics, and metals etc.) 
All AM processes are capable of producing some geometric complexity. Polymer based 
methods are considered the most mature and capable as they represent the earliest 
additive processes [2-3]. 
AM processes are categorized based on several criterions, but the American 
Society for Testing and Materials (ASTM) group “ASTM F42 – Additive 
Manufacturing” in 2010, formulated a set of standards that classify the range of AM 
processes into 7 categories (Standard Terminology for Additive Manufacturing 
Technologies, 2012) [40]. 
 VAT photopolymerisation 
 Material jetting  
 Binder jetting  
6 
 
 Material Extrusion 
 Powder Bed Fusion 
 Sheet Lamination 
 Directed Energy Deposition 
The beam-based AM processes are the printing technique commonly used for 
making 3D metallic components. The process utilizes a concentrated heat source, which 
may be a laser or electron beam, with in situ delivery of powder material for subsequent 
melting to accomplish layer-by-layer part fabrication. Beam-based AM process can 
further be categorized as direct deposition and powder bed deposition [5].  
2.2.1 Powder Bed Additive Manufacturing (AM) 
 
Figure 2.The Powder Bed Fusion-Laser Process [14]  
The Powder Bed Fusion (PBF) process would be the focus of this paper. This 
process uses either an electron beam or laser beam to melt and fuse the powdered 
materials together. PBF was one of the first commercialized AM processes. Selective 
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Laser Sintering was the first PBF process commercialized and this was developed at the 
University of Texas at Austin [6]. All PBF processes require the spreading of the powder 
material over previous layers of fused particles. The mechanism needed to implement this 
is a roller or a blade. Processes commonly using this printing technique:  
 Direct metal laser sintering (DMLS) 
 Electron beam melting (EBM) 
 Selective heat sintering (SHS) 
 Selective laser melting (SLM)  
 Selective laser sintering (SLS). 
The SHS, SLM, and SLS are processes that can be used to fuse powdered plastics 
into components parts using a laser beam. The most detailed features can be formed in 
the powder bed processes so, the numerical models designed for this research describes 
the laser powder bed fusion (LPBF) process, which is the same as the SLM definition. A 
typical description of this processes begins with the spreading of a layer of powder on the 
build platform. After which a laser fuses the first layer of the sliced 3D component to be 
built. A new layer is spread across the previous layer. This process of fusing and 
spreading of powder is continued until the entire component is built. Unfused powder 
remains in position, which is later removed during removal of the part from the build 
chamber and in post-processing.  
2.3 Tooling for Composites 
The demand for fiber-reinforced composites is needed in the aerospace industry, 
and as such, with a scale up of production demand, more efficient manufacturing ways 
become necessary. To make these composite parts, tooling is used to help cure and form 
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the primary materials into the shape and size needed. "One of the great advantages of 
composites is the ability to make unitized, unusual shapes, rather than the limit (the 
geometry of parts) to the formability of metals," notes McLaughlin [7]. 
Tooling for composites must be accurate, rigid, economical and easy to use. This 
includes the design and fabrication of the entire tool string needed to produce the parts: 
moulds, assembly jigs, and fixtures, etc. For composite parts cured in an autoclave, extra 
care must be exercised to account for the thermal coefficient mismatch (when metal tools 
are used) [7]. Special (and expensive) metal alloys (e.g. Invar) with low coefficients of 
thermal expansion are used where dimensional tolerances are critical. Also, careful 
planning of how heat is transmitted to the parts during cure for more uniform temperature 
distribution is required [8].       
The curing of the composite parts is sometimes completed at high temperatures -
up to 180 
°
C or more. In most situations, it is important to maintain a tight tolerance 
which will mean matching the coefficient of thermal expansion (CTE) of the tool to that 
of the composite material. 
Common tooling materials used for composites include aluminum, steel, epoxy-
based composites, bismaleimide (BMI) composites, graphite or carbon-carbon, and lastly 
Invar (an alloy of iron and nickel). Of the metals listed above, steel and aluminum have 
the advantage of low cost and machinability. They have a disadvantage of having a high 
CTE compared to that of composites. Invar matches the CTE of composites up to 200
o
C, 
but with a disadvantage of being expensive and heavy. Noting that the disadvantage for 
using lighter composite tools is typically they end up being less durable while metallic 
tools can handle several cure cycles and could be used for a longer duration [7]. AM has 
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the potential to allow for the use of Invar in tooling with design changes to decrease 
weight and material waste.  
2.4 Invar 36 
Guillaume [9] in 1897 in a quest for less expensive materials than the platinum-
iridium alloy, that was then the standard for metrology, discovered that iron-nickel alloys 
containing about 36 percent of nickel have an extremely low CTE. Because the 36 
percent alloy had such a low CTE at room temperature that the linear dimensions were 







 Invar 36 (Fe-36Ni) is an iron-nickel alloy containing 36% nickel known for its 
extremely low CTE (applicable for areas requiring no dimensional changes with 
temperature variations). These properties coupled with good weldability and desirable 
physical properties make this alloy attractive for many cryogenic applications [10]. This 
maintains nearly constant dimensions over the range of normal atmospheric temperatures 
and has a low coefficient of thermal expansion (CTE) from cryogenic temperatures to 
about 530°F (276
o
C) [11]. It can be hot or cold formed and machined using processes 
similar to austenitic stainless steels. The low CTE makes it useful in fine watches, 
sensitive instrumentation, aerospace, and especially in electronic applications where 
small differences in expansion may cause failure. The chemical composition of Invar is 
as shown above. 
Table 1: Chemical composition for Invar 36 
Weight % Ni Fe C Mn P S Si Cr Mo Co 




≤0.025 ≤0.025 ≤0.35 ≤0.50 ≤0.50 ≤1.0 
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It is one of the oldest of all nickel and cobalt based alloys. The main property is 
its extremely low thermal expansion at room temperatures realizing dimensional stability 
for all kinds of applications. Invar 36 is weldable, strong, tough, ductile, and possesses a 
useful degree of corrosion resistance. Having mechanical properties as shown below: 









Latent Heat of 
Fusion 
270 kJ/kg 
Melting Point 1727 K 








This alloy is being used for applications where dimensional changes (motion) due 
to temperature variation must be minimized such as Precision instruments, in radio and 
electronic devices (bimetallic thermostats and in rod and tube assemblies for temperature 
regulators), aircraft controls, optical and laser system, construction, thermal stable 
precision parts (composite tooling), liquefied natural gas storage tanks etc. A report by 
Bruce Cassel et al. [12] on using STA 8000 (Simultaneous Thermal Analyzer) provides 
the solidus and liquidus temperature for Invar 36 which will be used as material inputs 
for the numerical model created. A comparison of the model with latent heat is compared 
to one without. Other papers stated the same temperature for both solidus and liquidus 





Figure 3 Invar 36 at 5 ˚C/min showing values of the liquidus and solidus [12]. 
With its low CTE and weldable properties, Invar 36 was chosen to be investigated 
using 3D modeling for use in AM technology. The traditional way for processing Invar 
36 in making composite tooling is expensive and involves subtractive machining of Invar 
bars, thus making the lead time for the production of an Invar composite tool up to a year 
in most cases [5]. With the use of AM technology, there will be a reduction in lead time 
from months to possibly within weeks. This manufacturing process could also help 
reduce the weight of the end component by using lattice structures within the build [13]. 
This lower weight of the tooling represents a lower thermal mass which invariably 
enables faster heat-up/cool down cycles. With a reduced weight, the composite tooling 
could also be attached to an automated system for automated fiber placement (AFP) 
machines; this tends to move the mandrel tooling. A heavy tool would stress the 




One of the early methods used to model beam based AM processes is the 2D and 
3D Rosenthal solutions for a moving point-heat source. This analytical solution has been 
used for modeling a beam-based deposition process and can be applied to any moving 
heat source problem [14]. This has been applied for obtaining the temperature fields for a 
variety of welding speeds, determining the steady-state temperature field around a molten 
pool in a laser solid forming process [15-16]. Dykhuizen and Dobranich were the first to 
apply the Rosenthal solution to laser-based deposition processes, predicting the cooling 
rates in LENS™ process [17-19].  
Bontha et al. employed a combination of analytical and numerical modeling 
approaches to investigate the effects of process variables and size-scale on solidification 
microstructure (grain size and morphology) in the beam-based fabrication of bulky 3D 
structures comparing results with a three dimension Rosenthal solution [15]. Roberts et 
al. used a three dimensional model considering process variables and multiple layers. 
This showed the transient temperature history for laser melting process in multiple layers 
by using a technique of element birth and death (turning elements on and off) [19]. D. 
Riedlbauer et al. simulated SLM process, to predict temperature fields and the 
dimensions of melting zones for different process parameter. They noticed an increase in 
melt pool dimensions as power increased and speed decreased. 
V. Manvatkar et al. developed a comprehensive, three-dimensional, transient, heat 
transfer, and fluid flow model for the laser assisted AM of parts from a stream of alloy 
powders. This simulation predicted the free form fabrication AM process. He also stated 
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that the over prediction of temperature is as a result of not including convective and 
radiation heat loss [21-22]. 
Dai and Shaw showed the effects of volume shrinkage on the model due to the 
transformation from powder compact to dense liquid, studied using three dimensional FE 
model and proposed different criterions judging the state of the element by taking volume 
shrinkage into consideration [23]. 
The addition of heat both due to the impinging preheated powder particles and the 
direct absorption of the laser beam was modeled by an appropriate Gaussian energy 
density distribution over a surface or volume or both [24-25]. Dai and Gu modeled a 
surface heat source with Gaussian energy distribution, investigated the effects of linear 
energy density (LED) on temperature distribution, molten pool size, and densification, 
showing that a higher LED could increase the molten pool size and maximum 
temperature of the powder layer [26]. 
Qiu et al. discussed the use of selective laser melting for the fabrication of Invar 
36 components with the study showing the microstructure for as built and heat treated 
parts. Stating that parts built with scanning speeds under 3200 mm/s showed very little 
porosity(<0.5%) but showed an increase in porosity above 3200 mm/s at 400 W. The as 
built components were dominated by columnar ɣ grains decorated by nanosized α 
precipitates that did not change with heat treatment [27]. Neil et al. investigated the 
retaining of the unique low thermal expansion property of invar after processing using 
selective laser AM process. A near-full-density component (99.96%) was achieved 
having mechanical properties comparable to that of cold-drawn Invar 36. A lower value 
14 
 
of the thermal coefficient of expansion was attributed to residual stress in the as-
deposited parts, but with a non-conventional layer-based AM technique, the low thermal 

















3 FINITE ELEMENT THEORY 
FORMULATION 
3.1 Introduction 
This study is based on a simulation performed using commercial Abaqus/CAE, 
which solves the nonlinear transient heat conduction equation using FE method. A three-
dimensional thermal model is used to simulate both the steady-state and transient effects 
the laser beam power would have on the deposited material depicting the conductive heat 
transfer, melting and temperature profile within the substrate. 
3.2 Governing Equations  
3.2.1 Boundary Conditions 
The physical AM LPBF process is based on the continuous media theory. The 
fields describing the evolution of the medium are defined in the domain 𝝮. The specified 
loading/surface flux vector is [41]:  
     
  
  
         (1) 
The governing equations for heat conduction must be solved under appropriate 
initial-essential boundary conditions. The initial and essential conditions are: 
T(x, y, z, 0) = To           in 𝝮       (2) 
T(x, y, z, ∞) = To         in 𝝮     (3) 
Where To (K) is the preheat/initial temperature of the substrate, for transient 
problems it is necessary to specify an initial temperature field for a body at time t = 0 
Eq.2 & 3. 
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3.3 Temperature Distribution 
J.P Joule (1818 - 1889) in a famous experiment demonstrated that heat is a kind of 
energy; this was shown that as a substance gets heated up, its body temperature increases 
[29-31]. Heat can travel through metals and this form of heat transfer is called 
conduction. Fourier’s law of heat conduction for an isotropic material is written as: 
    
  
  
         (4) 
The time-dependent transport for any substance is generally governed by second-






   
   
         (5) 
 
The three dimensional differential equation of heat conduction in Cartesian 
coordinates (x,y,z) is expressed as shown in Eq.6. This is a representation of the 
temperature distribution T(x,y,z,t) throughout the domain of a beam-based AM process 



















       
    
  
    (6) 
This can be written in vector form as, 
           
  
  





) is thermal conductivity, cp (
 
   




density, t (s) is time, and Q (
 
  
) is power generated per volume within the model. 
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3.3.1 Finite Element Method 
To solve this stated problem using numerical methods, it is important to rewrite 
Eq.7 into purely algebraic form. To do this, various forms of discretization of continuum 
problems defined by differential equations can be used. The continuum problem is 
satisfied in all points in the problem domain, while a discretized form is satisfied at a 
finite number of points in the domain. One of the various forms of discretization is the 
finite element method (FEM) which was developed in the early 1960’s [31]. FEM 
formulations can be derived by several methods such as variational principles, Rayleigh-
Ritz method, and weighted residuals. The FEM formulation used for this paper is the 
Galerkin weighted residual method. 
3.3.1.1 Galerkin Weighted Residual Method 
This method begins introducing a residual, R in the approximation which is 
defined by  
               
  
  
        (8) 
R should be noted, is a function in the region 𝝮. Reducing the residual to zero we 
have: 
∫                     i = 1, 2, M    (9) 
Where   is called the weighting function. 
∫   *            
  
  
+   
 
        (10) 
Similarly, we can treat the Neumann boundary condition as follows 
     
  
  
          (11) 
Where     is the residual on   . Thus, 
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∫         
               i = 1, 2, M         (12) 
Where   is the residual on   . Therefore; 
∫   * 
  
  
  +   
  
              (13) 
Adding both Eq. and Eq. we get: 
∫   *            
  
  
+         * 
  
  
  +          
 
  (14) 
Knowing that both   and   are arbitrary, we can limit our choice of weighting 
functions as  
      On           (15) 
        On           (16) 
The term involving the weighted integral of on the boundary vanishes and the 
approximating equation becomes: 
∫                ∫             ∫       
  
  
       
 
∫        
  (17) 
This is known as the weak form steady state heat conduction equation. In order to 
use this weak form for the approximation of solution, first we need to choose appropriate 
trail functions,           also call shape functions. Popular forms of the weighted 
residual method are where the weight functions are chosen equal to the shape functions. 
                          (18) 
This approach is called Galerkin method, the end integral becomes: 
∫               ∫             ∫       
  
  
       
 
∫        
    (19) 
Where,  
𝜕T = N𝜕Te         (20) 
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B = 𝜕N         (21) 
Substituting Eq.20 & 21 into Eq.19, this ends up becoming: 
∫   
               ∫  
              ∫             ∫        
    (22) 
This represents the spatially discretized FEM heat conduction equation. Where 
the first term represents the global heat capacitance matrix C, the second term K 
represents the global conductivity matrix which is a summation of element conductivity 
matrices and F (the last two terms) represents the global load vector obtained from 
assembling element load vectors. The discretized FE equations for heat the transfer 
problem have the following form: 
                (23) 
3.3.1.2 Transient Nonlinear Problem 
Eq.24 represents the transient representation of Eq.23 above. 
[    ]{ ̇}  [    ]{ }  {      }      (24) 
The reason for time integration is to find the unknown values      at time 
position      from the known information. The values    are known at time point    
while F is known in small time interval ∆t. The same process is continued until the time 
of interest is reached. Thus, this scheme is referred to as recurrence relations. The time 
intervals ∆t may be considered as elements of time and appropriate shape functions may 
be defined at the ends of the interval, i.e.      and  , to establish the variation of the 
temperature field within the interval [25]. 
 




 ̇      ̇ 
 
  
       
   
        (26) 
Where n represents the nth time step. If not stated otherwise ∆t means    . 
* 
     
  
      +         [    ] (
 
  
     ̇ )            (27) 
This represents the calculation for the derivatives on the right hand side where, 
     equals             . 
Writing Eq.36 in generalized form we get: 
* 
     
  
       +         *
    
  
          +               (28) 
By changing the value of   from 0 to 1, Eq.37 defines a family of different 
methods that could be used. Abaqus/CAE FE solver uses an implicit backward difference 
method which is defined by    . Eq. 37 is solved for {  
    } and then used to update 
the temperature solution for Eq. 38 until convergence is achieved at every point in the 
domain at time      [27]. 
{     
     }  {  
    }  {     
    }                               (29) 
Considering the melting and solidification phenomenon that occurred in laser 
melting AM process, the latent heat could not be negligible for the phase change. The 
relationship between enthalpy and specific heat (H,   ) can be described below as 
  ∫𝜌               (30) 
Where 𝜌 equals the density of the material. As the temperature of the material 
exceeds the melting point, the latent heat fusion considered here is calculated by enthalpy 
change, ∆H [32].  




4 FINITE ELEMENT MODEL 
DESCRIPTION 
4.1 AM Process Modeling Relevance  
Fabrication of components using AM is integral in today’s manufacturing. The 
process parameters used for the build will typically involve the heating up and cooling 
down of the component. The process parameters as stated in section 1.1 includes the laser 
spot size (70 µm diameter), laser power (varying from 200 – 300 W) and laser speed 
(varying from 1200 – 3600 mm/s).  These aspects of the thermal cycle affect the shape, 
geometry, and microstructure of the end build.  
Numerical simulations have become a powerful tool for thermal analysis, by 
assisting in the design and optimization of the AM thermal processes to achieve the 
needed mechanical properties. The cost of buying an actual AM machine is enormous as 
well as the cost needed for running an actual experiment, numerical simulation can help 
reduce the cost involved in this process by replacing the design of experiment as well as 
reducing the time needed for the process. Modeling can be sued to develop process 
parameter to microstructure relationships, as while as, increase the understanding of build 
properties for any material. Controlling as-built material properties can be achieved by 
modeling in other to reduce post build treatments, increase the reliability of builds and 
decrease time to adoption of a process for critical hardware.  
4.2 Modeling Approach 
The FE model described here was performed using Abaqus CAE 2016 software. 
A three dimension model similar to that described by Gockel [37], Fox et al. [33] is used 
in the paper.  The transient heat transfer during LPBF of metals is complex involving heat 
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flux transport, phase change, melt pool formation, microstructure coupling and more. 
During LPBF process energy transformation, momentum transformation and mass 
transformation produce some thermal phenomena because of heat function between laser 
and powder in the melt pool such as heat transfer (conduction), convection and mass 
transfer [34]. Modeling of this physical phenomenon can be done using a reduced 
complex model, this is done for minimizing computational time and also for providing 
general insight into the process-property relationship applicable to parts fabricated via 
LPBF [35]. This approach is used to model the heat diffusion in this AM process.  
The 3D model solves a heat conduction problem of a point heat source (laser 
beam) traversing over a bulky 3D geometry representing the surrounding powder and 
substrate material. MATLAB is used to calculate the dimensionless Rosenthal length, 
width, and depth of the melt pool as shown in Eq.3.9 & 3.11 of Sheridan [36]. These 
initial dimensionless melt pool dimensions are used as estimates to scale the entire 3D 
geometry for the model used for this analysis. This scaling was performed by using a 





Figure 4 Full model used in Abaqus viewport. 
The 3D model used for this work as shown in the figure above has dimensions 
6001x1310x781   . The thermal-physical material properties for Invar in Table 2 were 
used. The model describes a half model of the heat deposited, where half of the melt pool 
is modeled with an assumption of thermal isolation in the plane of symmetry. Therefore, 
the heat flux applied to the model is the total power divided by two and the melt pool 
represented in the numerical model is half of the total melt pool. This simplification 
reduces computational time for predicting the melt pool dimensions. An additional study 
was completed to compare the effects of the inclusion/exclusion of latent heat in the 
model. 
4.3 Heat Source Application 
The laser beam simulated for the numerical analysis is a concentrated continuous 
wave heat source because there are no pulse time within the deposited laser heat. For the 
implementation of the movable heating source, an Abaqus/CAE DFLUX subroutine is 
24 
 
used. Heat flux distribution in a cross-section of the heated element surface is shown in 
Figure 5. The laser beam is modeled to irradiate 8 elements of equal square sized 
surfaces, which represents the approximate size of the laser beam diameter ~70µm.  
To simulate the motion of heat source (laser beam), the heat flux is applied on 
surfaces representing the spot diameter. The flux is turned on and off as it travels along 
the scan length. To reduce computational time, the heat flux is modeled to jump two 
element units at a time. The effect of this jump can be seen in the leading edge of the melt 
pool in Figure 11 & Figure 12. The heat source is modeled as a concentrated surface flux 








Figure 5 (a) Surface over which heat flux is applied.(b) Zoomed out flux application over the surface. (c) Zoomed in 




half the size of the laser diameter (70µm). The laser spot size is converted to a square 
representation. The element type used for this analysis is an 8 noded continuum brick-
heat element (DC3D8). 
4.4 Meshing 
A mesh convergence study was completed, and the finite-element mesh finally 
selected is a compromise between the computational efficiency/cost and the numerical 
accuracy.  Three mesh sizes were used, and the results compared for convergence. Coarse 
mesh size contained 2 elements, medium mesh size contained 8 elements and the fine 
mesh size contained 18 elements. Each of these mesh sizes has a biasing separating the 
area from which data is collected with that from which no data is collected. Figure 6 









Figure 6 (a) Coarse Mesh (b) Medium Mesh (c) Fine Mesh 
 The coarse, medium and fine mesh sizes represent the surfaces over which 
heat flux is applied. The result for melt pool depth and width are plotted against time to 




Figure 7 Plot of Mesh convergence study:  Depth versus time. 
 
Figure 8 Plot of Mesh convergence study: Width versus time. 
The Figure 7 & Figure 8 show that the values for melt pool size are converging 






































the medium mesh was chosen as the mesh size used to run the numerical models. This 
was done to reduce computation time.  
Mesh biasing was used to increase the mesh size from the fine region to the 
coarse region. Biasing helped with reducing the total number of nodes and elements 
within in the model. The fine region of this model represents the area where numerical 
data will be collected. The laser diameter was converted into a square surface which 
represents the surface of applied heat flux. The mesh size used in this region is a 
representation of the division of the laser spot size into 4 equal lengths. The elements 
within the fine region have a dimension of 15.509x15.509   . This model contained a 
total of 221100 nodes and 221099 elements.  
4.5 Computational Domain and the Boundary Conditions 
This model is used to simulate a single laser pass over a substrate with a scan 
length of 4 mm which is representative of an approximate stripe length used in the LPBF 
scanning strategy. The ambient temperature (which is the temperature of the solid before 
the laser arrives) on all surfaces of the simulation space is an initial condition of 300K. 
This boundary condition is based on the experimental setup in which the build plate is 
laser glazed with the temperature in the building chamber at room temperature. The 
moving concentrated heat flux is applied as a surface load on the predefined surfaces.  
The step time used for this analysis to simulate the speed of laser as it traverses 
the model is: 





               
       (32)  




The simplified model used for this study with the assumptions stated in chapter 3 
is only an estimation of the real case. To validate the results from the numerical model, 
results from the experimental setup will be used to compare its approximations. This 
study is of particular interest since it reports a representative Invar 36 melt pool 
geometries for various process conditions. 
4.7 Scan Length 
The models described here are for single laser scan length. A single scan length of 
4 mm is investigated using the 3D model. The temperature distribution from start to end 
of this scan length is needed to understand the response of Invar 36 under different 
processing conditions. This is needed to understand the effects of between a single laser 
scan and a multiple laser scan. Thus, the results, plots, and figures presented for this 
study are from models of single laser scan of a length of 4 mm. 
The scan strategy used for this model is a bi-directional scan, having the laser 
beam move in the positive x direction from left to right and then turning to repeat the 
same motion in the opposite direction. For a single scan it only entails a one-time motion 
of laser beam from left to right. Future simulations will include multiple motions of the 
laser beam with hatch spacing between the scans. 
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4.8 Data Extraction 
 
Figure 9 Temperature distribution of the moving laser beam over the substrate. 
The magnitudes of the temperature distribution between neighboring elements 
separated by (∆x, ∆y, ∆z) are estimated using the proposed 3D model. Figure 9 shows the 
temperature distribution due to the applied process condition. The heat flow driven by the 
thermal conductivity is influenced by the laser speed; this can be seen in the experimental 
model. Thus, the temperature distribution representing the molten pool formation are 
simulated. The melt pool characteristics are measured with contour lines showing the 
temperature profile of the melt temperature distribution. The results from the numerical 
models are presented in the following chapters.  
The representative melt pool is found to be in the form of a sector of a circle, this 
is because the model represents a symmetric model. Therefore, the melt pool is 
semicircular with maximum temperature at the center of the laser diameter. The localized 
laser irradiation results in a very high heat flux that overcome the latent heat of fusion of 
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the material, forming the melt pool [35]. As the laser beam moves along the scan length it 
continues to form more melted heat affected zones, while the initial irradiated zone 
begins to cool down. Thermal energy not used for melting is utilized for heating the 
surrounding elements. This can be seen from                          Figure 10 where the gray 
region represents temperatures in and above the melting temperature (1727K). 
 
                         Figure 10 A half melt pool at a 200W power and 2000mm/s. 
4.8.1 Latent Heat of Fusion 
The effects of latent heat are considered in thermal analyses with two case studies. 
Case 1: with the inclusion of latent heat, and Case 2: neglecting latent heat. Latent heat is 
the amount of heat energy absorbed by a body as it changes phase (i.e. from solid to 
liquid and vice versa). Case 1 has a latent heat of 270 kJ/kg spread over a temperature 
range of 1702K to 1727K. The stated temperatures represent the solidus and liquidus 
temperatures for Invar 36 [12].  
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Enthalpy H is used to relate heat content and temperature in this study. In order to 
trace the melt pool liquid/solid region (the phase change), the total enthalpy H is either 
represented as the summation of sensible heat or the summation of sensible heat and 
latent heat content    (Eq.31). For both cases, the enthalpy is calculated and the FE 
program assigns a total enthalpy (latent heat) which is required for calculating the effects 
of absorbed energy for phase transformation.  
The Cases 1 & 2 are done to understand the effects of adding latent heat of fusion 
as a material property to the model. Cassel et al. in a paper on the use of STA 8000 
(Simultaneous thermal analyzer) for melt analysis of alloys stated the solidus temperature 
to be 1702K and liquidus temperature 1727K [12]. This is the only literature found to 
have a different temperature for both solidus and liquidus (Figure 3), as other literatures 
have them both to be 1700K [11,38]. Therefore, using these values as inputs for Case 1, 
both analyses were run. To properly see the effects and temperature distribution on the 
substrate for both cases, the maximum temperature for the entire model using the contour 
plot option is set as 1727K (this represents the melting temperature). The maximum 
temperature specified for the contour plot represents all temperatures above the melting 
temperature for Invar. This will help create a better visual for measuring the melt pool 
characteristics. The melt pool geometry at steady state for both Case 1 & 2 are tabulated 
below. 
 
Table 3: Case 1 results for melt pool characteristics 
Case 1 – Latent Heat 
Length (µm) Width (µm) Depth(µm) 





Table 4: Case 2 results for melt pool characteristics 
Case 1 – No Latent Heat 
Length (µm) Width (µm) Depth(µm) 
1093.4 98.87 39.742 
 
Table 5:  Percentage error between both Case1&2. 
Melt Pool Error (%) 
Length (µm) +6.89 
Width (µm) -6.25 
Depth(µm) -10.81 
 
Table 3 & Table 4 above shows the results for melt pool geometry for case 1 & 2 
respectively at steady state. This compares the effects of adding latent heat of fusion 
(LHF) on the melt pool characteristics with that of not including LHF when running the 
model. Table 5 shows the error difference between the melt pool characteristics for both 
cases. The results show a large melt pool depth prediction for case 2, while the other melt 
pool properties have a small difference between them. This can be seen by calculating the 
percentage error between the length, depth, and width for both cases. The error in 
percentage for the length of melt pool is approximately 6.89% while the depth has a 
percentage error of 10.81% and the width 6.25% percentage error. To note, the melt pool 
length is taken as the length from the front of the melt pool to the trailing tail of the melt 
pool. This shows that latent heat of fusion with a small mushy zone (1702 -1727 K) for 
Invar 36 has a significantly small effect on the melt pool geometry prediction. The depth 
has the highest change in effect with respect to latent heat. From Table 5, it can be seen 
that the melt pool dimensions for width and depth decrease with the inclusion of latent 
heat of fusion while the length increases. 
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4.9 Summary  
The FE model used for this work is similar to the approach used by both Gockel 
and Fox et al [37 and 33]. The model simulates a 4 mm laser scan length at selected 
process parameters. This model is half axis symmetric with the assumption of thermal 
isolation on the sides. This was done to reduce computational time by reducing the 
number of nodes in the FE analysis. 
The inclusion of latent heat is seen to have a slight effect with melt pool 
dimensions. The melt pool length is the only melt pool dimension to increase with the 
inclusion of latent heat. The melt pool depth and width reduces with the inclusion of 
















5 EFFECT OF PROCESSING 
PARAMETERS ON MELT POOL 
GEOMETRY AT STEADY STATE 
5.1 Introduction 
The melt pool configuration at steady state is discussed in this section. For a heat 
source moving at a constant speed, over time, the heat distribution in the substrate 
reaches a state of equilibrium. At this point, the melt pool geometry for this single scan 
model remains constant over time and location. The developed model is long enough to 
allow the melt pool to reach an initial steady state. Steady state is defined as when the 
melt pool length, width, and depth are constant in time, and in which change in the 
direction of applied flux is continually balanced. A range of processing parameters (laser 
power and travel speed) typical to those used in the laser powder bed fusion process are 
chosen and melt pool dimension results from the numerical simulation are discussed in 
this chapter. 
5.2 Data Extraction 
Results from the numerical models for melt pool characteristics at steady state are 
presented in this section. The temperature distribution within the substrate is an effect of 
the process parameters applied. In the scanning of a laser beam over the substrate, 
temperature builds up within the substrate is experienced until a point of steady state 
where equilibrium is reached. At this state, data is extracted by using the distance option 
of the query information tool for Abaqus. The dimension of for the length, width, and 
depth of melt pool is obtained by measuring the isotherm corresponding to the melted 
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region. Figure 11 & Figure 12 shows the melt pool description of what the length, width, 
and depth represent within the model. 
 
Figure 11 Image showing the length and width of the melt pool 
 
Figure 12 Image showing the depth of the melt pool 
 
Figure 11 is obtained from the plan view of the 3D model (y, x direction), while 
Figure 12 is obtained from the front view of the model (z, x direction). The length of melt 
pool is the distance from the front of melt pool to the trailing tail of the melt pool, while 
the width of melt pool is 2 times the distance from the edge of the model to the widest 
distance on the surface of the melt pool, and the depth is the distance from the edge of the 
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model to the depths distance of the melt pool. Using the distance-query Abaqus tool, the 
melt pool dimensions for all the selected process conditions are presented below. 
 











200 1600 108.56 45.557 1101.1 
200 2000 98.385 39.742 1093.4 
200 2600 89.177 33.441 1081.8 
250 1600 117.77 51.857 1360.4 
250 2000 108.56 45.558 1369.6 
250 2600 96.543 38.773 1358 
300 1600 127.95 57.431 1651.7 
300 2000 116.32 50.403 1643.9 
300 2600 104.69 43.377 1633 
 
5.3 Linear Energy Density 
Melt pool formation and characteristics are fundamentally determined by the 
amount of absorbed energy by the substrate when the laser beam passes over it [1]. The 
melt pool characteristics (size, depth, width) are a function of the absorbed energy 
density. A simplified energy density equation used by many investigators for correlating 
the process parameters to the density and strength of the produced part is shown below 
[39]:  
   
 
  
                                                                (33) 
Eq.33 represents the applied energy density (also called the Andrews number), 
where P is the laser power, U is the scan speed and t is the hatch spacing between parallel 
scan lines. Since the models discussed in this section are for single scans, the hatch 
spacing will be same for all runs. Because the model discussed here is one for a single 
laser scan, Eq.33 is further reduced to:  
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                                                               (34) 
This is called the linear energy density. A table showing the magnitude of applied 
energy density sorted in order of highest to lowest is presented below. 
 
Table 7: Showing in decreasing magnitude the energy 









   
1 300 1.6 187.5 
2 250 1.6 156.25 
3 300 2.0 150 
4 200 1.6 125 
4 250 2.0 125 
5 300 2.6 115.38 
6 200 2.0 100 
7 250 2.6 96.1538 
8 200 2.6 76.9231 
 
Table 7 shows the order of linear energy density input into the system. The effect 
of energy density phenomenon can be noticed in the plots of melt pool properties against 
time as shown below. A process condition with high power and low speed relative to 
other process parameters will give a high energy density. With that said, a combination of 
power and speed can as well produce similar LED as can be seen with process parameters 
250W power/2000mm/s speed and 200W power/1600mm/s. 
5.4 Result Discussion 
Results for the melt pool characteristics at steady state are presented in this 
section. The color scheme used for the plots shown in the legends below are: red solid 
lines represent all 1600 mm/s speeds, blue dashed lines represent all 200 mm/s speed, and 
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black dotted lines represent all 2600 mm/s speeds.   represents 200 W power, o 
represents 250 W power, while, + represents the 300W power. With the plotting of 
melt pool dimensions against the process parameters, a better understanding of the 
relationship existing can be seen.  
5.4.1 Depth  
The results of melt pool depth at steady state with respect to power and velocity is 
examined in this sub section. Column five of Table 6 lists the various melt pool depths 
for the different process parameters used in this study. Figure 13 shows a plot of melt 
pool depth against power. 
 
Figure 13  Plot of melt pool depth versus power. 
As can be seen from Figure 13, there is an increase of melt pool depth as power 
increases. Following the shape and color scheme as described in section 5.4 for this plot. 
300W generates the largest depth while 200W generates the smallest depth.  
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Further investigation with a plot for melt pool depths against laser speed is 
presented below. 
 
Figure 14  Plot of melt pool depth versus laser speed. 
Figure 14 shows that the melt pool depths decrease with increase in speed. The 
faster the laser speed the small the depth of the melt pool.  
5.4.2 Width  
Similar plots for melt pool width against power and speed are presented below. 
Table 6, column four lists the melt pool widths for all process parameters used for this 




Figure 15 Plot of melt pool width versus laser power. 
A similar trend as seen from Figure 13 above shows the increase of melt pool 
width as power input in the system increases. The rate of increase is directly proportional 
to the LED of the applied flux. The increase in melt pool width as observed is exactly in 




Figure 16 Plot of melt pool width versus laser speed. 
Likewise, the melt pool width decreases with increase in laser speed and vice 
versa. In Figure 15 & Figure 16 (the plots of width against power and speed of the laser 
scan), it is noticeable that the process parameters with the most energy density are those 
up top followed by the next in line in order of decrease of LED. 
5.4.3 Length 
The length of the melt pool as stated earlier is considered as the length from 
trailing tail to the point of applied heat flux. The results for the melt pool length are listed 
in column three of Table 6. Similar plots for the length of melt pool against power and 





Figure 17 Plot of melt pool length versus laser power. 
Figure 17 above shows the plot of the length of melt pool against power. The 
color and shape scheme is same as described at the beginning of section 5.4. The melt 
pool length is seen to remain almost the same relative to the applied power. The length of 
the melt pool does not follow a similar trend with melt pool depth and width relative to 




Figure 18 Plot of melt pool length versus laser power. 
Figure 18 shows that the melt pool length at steady state remains same for all 
process conditions with similar power. Laser speed is only seen to affect the melt pool 
length at different powers, with the most power having the highest length [36].  
5.4.4 Discussion 
A look at Table 7 for LED, the order in which the energy density decreases 
follows through with what is seen in Figure 13. A relationship can be seen with linear 
energy density. The numbering in Table 7 represents the listing of linear energy density 
in decreasing order. Having process parameters power=200 W, speed=1600 mm/s and 
power=250 W, speed=2000 mm/s both tying at fourth place. The depth dimension for the 
process parameter with the least applied energy density (power 200 W speed 2600 m/s) 
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can be seen to have the smallest melt pool depth; this follows the trend as can be seen 
from Table 8. 
A similar relationship with linear energy density is seen here too. The order of 
decrease in size of melt pool depth is same. The relationship the melt pool dimension has 
with respect to the applied process condition is directly proportional to the LED [26]. 
Melt pool depth and width is seen to strictly follow the order of applied LED. A 
combination of LED could likewise, produce similar effects as can be seen with the cases 
of Power= 200 Watts, Speed= 1600 mm/s and Power= 250 W, Speed= 2000 mm/sec. 
Both process conditions resulted in similar melt pool depth and width.  
To further show that melt pool depth and width has a linear relationship with LED 
and melt pool length does not, Figure 19 & Figure 20 below contains plots of melt pool 
depth, width, and length versus LED. 
 


























Linear Energy Density (𝑱/𝒎)   
Melt Pool (Width & Depth) Versus Linear Energy 
Density   
Width (µm) Depth (µm)
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Figure 19 shows that melt pool depth and width have a linear relationship with 
energy density; this means that a combination of process parameter will give a melt pool 
size (depth and width) which will increase or decrease in the order of applied LED. On 
the other hand, Figure 20 shows the relationship of melt pool length with LED. There 
exists a zigzag (nonlinear) relationship between length and LED which means that the 
variation in length of the melt pool is not affected by the effects of energy density. 
 
 
Figure 20 Plot of melt pool length versus linear energy density. 
In the ideal case of a moving point heat source, the melt pool width should be 
twice the depth because of the symmetric nature. Below is a table showing the width to 






























Linear Energy Density (𝑱/𝒎 ) 




Table 8: Table showing the ratio of width over depth of melt pool in ascending order of LED. 
Power (W) Speed (mm/s) Width (µm) Depth (µm) Width/Depth 
300 1600 127.95 57.43 2.23 
250 1600 117.77 51.86 2.27 
300 2000 116.32 50.40 2.31 
200 1600 108.56 45.56 2.38 
250 2000 108.56 45.56 2.38 
300 2600 104.69 43.38 2.41 
200 2000 98.39 39.74 2.48 
250 2600 96.54 38.77 2.49 
200 2600 89.18 33.44 2.67 
 
An investigation into the melt pool depth and width for all the process parameters 
shows that because of the large laser spot size relative to the melt pool dimensions, the 
melt pool width is more than twice the depth for process conditions at lower energy 
density. A small width to depth ratio is seen for processes with larger melt pools. With 
knowing that melt pool width and depth are directly proportional to LED, Table 8 above 
shows that due to the surface area of the spot size selected, heat conduction is forced 
more in the y direction than in the negative z direction for models with small applied 
LED and that is why the melt pool dimensions for depth and width vary. It is expected 
that as the laser spot size decreases, the influence of width to depth ratio is expected to 
even out. 
5.5 Conclusion 
In conclusion, the melt pool width and depth both increase linearly with 
increasing applied energy density within the process domain. The melt pool length does 
not follow the same trend as the width and depth. The length of melt pool remains almost 
constant for a singular laser power and varies at different laser speeds only.  
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Laser spot size also plays a significant role with the dimensioning of the melt pool 
depth and width. The size of the laser spot as well as LED will lead to a skew in the ratio 






















6 TRANSIENT EFFECTS OF LASER 
BEAM ON MELT POOL GEOMETRY 
6.1 Introduction 
In LPBF, the scanning strategy of the laser is typically many short segments 
instead of long passes. Therefore, the melt pool is not consistently at a steady state. The 
effects of change of melt pool dimensions with time are examined in this section. A 
single short pass of 4 mm is modeled, which is comparative to a stripe length commonly 
used. The results presented in this section give insight into how the melt pool dimensions 
change with time and location on the substrate and show how much time and distance the 
melt pool will spend at transient or steady state behavior. 
6.2 Data Extraction 
To obtain data from the numerical model over time, step times and the locations 
corresponding to theses times are selected. To simulate the motion of laser beam along 
the scan length, time steps were created. A selected few of these time steps are used as 
reference points for data collection. The change in melt pool dimension over time for all 
process conditions are measured at these selected time steps. The spacing between each 
time step measured is closer at the beginning of the scan length and then it becomes 
wider towards the end of the scan length once the melt pool reaches a steady state. A total 
of twelve time steps are selected for all process parameters. The extracted data are 






Table 9: Table step time and locations used. 
Step No. 
Step time corresponding to laser speed Distance 
(µm) 1600 (mm/s) 2000 (mm/s) 2600 (mm/s) 
1 1.95E-05 1.56E-05 1.20E-05 62.036 
4 7.81E-05 6.25E-05 4.81E-05 155 
8 1.56E-04 1.25E-04 9.62E-05 279 
16 3.13E-04 2.50E-04 1.92E-04 527 
24 4.69E-04 3.75E-04 2.88E-04 775 
32 6.25E-04 5.00E-04 3.85E-04 1024 
40 7.81E-04 6.25E-04 4.81E-04 1272 
48 9.38E-04 7.50E-04 5.77E-04 1520 
56 1.09E-03 8.75E-04 6.73E-04 1768 
64 1.25E-03 1.00E-03 7.69E-04 2016 
72 1.41E-03 1.13E-03 8.65E-04 2264 
80 1.56E-03 1.25E-03 9.62E-04 2512 
 
Table 9 above lists all the selected steps and distance from the start of the scan 
length. The distance in column 5 represents the total length the laser beam has traveled 
during a time step from the start of the scan length to the end of a step. The melt pool 
dimensions presented is the maximum dimension within the selected time step. 
Therefore, the distance on the y axis for plots of melt pool dimensions versus distance in 
the remainder of this thesis paper is the total distance traveled by the laser beam at the 
instance and not the exact location of the measured maximum melt pool dimension. The 
maximum melt pool dimension is seen to spread over a small area as can be seen from 
Figure 11 & Figure 12. Table 10 below presents the total time it takes the different 
process conditions to get to steady state; it also presents the total distance from the start 
of the scan to the front of melt pool when it gets to steady state. The total time is arranged 









For Table 10, the total distance represents the distance from the point where melt 
pool becomes a steady state to the beginning of the scan length. While the total time is 
the time it takes the melt pool geometry to also get to the steady state. The total time can 
be found by dividing total distance with speed, which also corresponds to the step time of 
that location. The length of the melt pool is the last melt pool dimension to get to steady 
state, so the total time here represents the time it takes all melt pool dimensions to get to 
steady state. Melt pool depth and width get to steady state early into the scan. 
 
6.3 Effect of Latent Heat on Transient Response Time and Distance 
The results presented here are specific to the change of melt pool dimensions with 
respect to time and distance. Going back to the models (Case 1 & 2) for with and without 
latent heat respectively, it can be shown that for both cases it takes relatively the same 
time for melt pool dimensions to come to steady state at the test case of Power = 200 
Watts and Speed = 2000 mm/s. This happens within the 42nd step at time 0.000656 
seconds, with 0.00134928 µm distance from the point of applied flux. It is important to 
note that the steady state dimensions are different in the two cases, but response distance 













   
300 1600 0.001972 0.001232 187.50 
250 1600 0.001688 0.001055 156.25 
300 2000 0.001967 0.000984 150.00 
200 1600 0.001377 0.000861 125.00 
250 2000 0.001657 0.000828 125.00 
300 2600 0.001905 0.000733 115.38 
200 2000 0.001349 0.000675 100.00 
250 2600 0.001594 0.000613 96.15 
200 2600 0.001313 0.000505 76.92 
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and time are the quantities of interest. Because latent heat adds significant computation 
time, it is neglected for the rest of the models.  
6.4 Results 
The various transient melt pool dimensions will be plotted to give insight into the 
change happening in time with respect to the applied process conditions. 
6.4.1 Depth  
The change of melt pool depth in time with respect to the applied process parameter 
is examined in this sub section. The distance corresponding to time is shown in Table 9 
and the melt pool depths at this time steps are shown in the table below. A table of 
change in melt pool depths over time due to the applied process parameter is presented in 
Table 11. 
 




























15.5 14.5 13.6 16.3 15.3 14.5 18.4 15.5 14.8 
30.1 28.1 25.2 32.5 29.6 27.1 34.9 30.1 28.1 
40.7 34.9 29.6 43.1 38.8 31.0 44.588 40.7 34.4 
45.6 39.7 33.4 50.4 44.6 38.8 55.3 48.2 41.7 
45.6 39.7 33.4 51.9 45.6 38.8 57.4 50.4 43.4 
45.6 39.7 33.4 51.9 45.6 38.8 57.4 50.4 43.4 
45.6 39.7 33.4 51.9 45.6 38.8 57.4 50.4 43.4 
45.6 39.7 33.4 51.9 45.6 38.8 57.4 50.4 43.4 
45.6 39.7 33.4 51.9 45.6 38.8 57.4 50.4 43.4 
45.6 39.7 33.4 51.9 45.6 38.8 57.4 50.4 43.4 
45.6 39.7 33.4 51.9 45.6 38.8 57.4 50.4 43.4 
45.6 39.7 33.4 51.9 45.6 38.8 57.4 50.4 43.4 
 
6.4.1 Melt Pool Depth - Transient Response Time 
Figure 21 below shows the change in depth over time. In plotting these melt pool 
depths with time corresponding to applied speed, it can be seen that the time for the 
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selected steps corresponds with speed. All plots for melt pool dimensions having the 







Figure 21 (a) Depth versus time (b) Zoomed in view of change in depth versus time 
As can be seen from Figure 21, there is a sudden rise in the depth of melt pool. 
This rise in the dimension of melt pool depth is seen to still follow the rise in the order of 
applied LED. The least applied energy density is seen to reach steady state first, while the 
most applied energy density tends to reach steady state last. This can be seen as the 
combination of process parameters that give the same linear energy density is seen to get 
to steady state at the same time. 
6.4.2 Melt Pool Depth - Transient Response Distance 
Figure 22 shows the change of melt pool depth over the distances before it gets to 
steady state. The time steps used are same as those shown in Table 9. The measurements 
for the depth corresponding to the different process parameters and were taken along the 
same distances within the 4 mm stripe. It can be seen that change in depth increases until 
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it gets to a steady state. For the selected process conditions, the ranges of response 
distances are between 500 – 800 µm (0.5-0.8 mm). The change in depth is also seen to 
have a linear relationship with laser speed at the beginning of applied flux; this continues 
in that order till it the effect due to LED. Once the effects from LED become established, 







Figure 22 (a) Plot of depth versus distance. (b) Zoomed in view of the plot of depth versus distance. 
6.4.3 Width 
Similarly, plots of the width of melt pool versus time and distance are examined 
in this section. It is expected that the trend will be similar to the depth of melt pool.  
6.4.3.1 Melt Pool Width – Transient Response Time  
Melt pool width is plotted against time in Figure 23. This shows a similar trend to 
that of Figure 21 in section 5.4.1 above. The increase in width of melt pool shows a linear 
relationship with LED. Note that data for melt pool dimension were collected manually, 
and as such, there could be some measurement discrepancies because of human error. 









Figure 23  (a) Plot of melt pool width versus time (b) Zoomed in plot of melt pool width versus time. 
6.4.3.2 Melt Pool Width – Transient Response Distance 
Figure 24 also shows a similar trend as the plot of melt pool depth response with 
distance. The relationship with laser speed is not as visible like that of depth because of 
the effect of the surface area of applied heat flux corresponding to the laser spot size as 
discussed in section 4.4. That is why there is a deviation at the beginning of the scan 
length. But once the effects of LED becomes pronounced and the melt pool width 
becomes larger, the width and depth of melt pool are seen to follow the same order 








Figure 24  (a) Plot of melt pool width versus (b) Zoomed in view of the plot of melt pool width versus distance. 
6.4.4 Length 
Melt pool length and its change with time over a specified distance are presented 
in this sub section. As can be deduced from chapter 5, that length has a constant 
relationship with laser power at steady state. The change in length of the melt pool as 
laser beam travels over the surface an LPBF substrate is shown in the plot below. 
6.4.4.1 Melt Pool Length – Transient Response Time 
In Figure 25, length is seen to vary linearly with laser speed at a transient state. As 
heat within the system continues to build and melt pool length starts to get to steady state, 
the length begins to have a constant dimension with respect to power.  This phenomenon 





Figure 25 Plot of melt pool length versus time. 
6.4.4.2 Melt Pool Length – Transient Response Distance 
The plot of length versus the time as was shown in Figure 25 above clearly shows 
the constant varying of melt pool length over time until the steady state region. Figure 26 
shows a plot of length over distance corresponding to time, the length of melt pool rises 
linearly at the beginning of the applied heat irrespective of the process condition. Length 
change remains constant until about 1000µm into the scan length before it begins to 




Figure 26 Plot of melt pool length versus distance. 
6.5 Discussion 
The individual melt pool properties get to steady state at different times. The time 
taken for melt pool to get to steady state was taken as the time it takes for the last melt 
pool property to get to steady state. Of all melt pool properties, melt pool length gets to 
steady state last, so the total time it takes for melt pool length to get to steady state is 
taken as total time it takes the entire melt pool to get to steady state. A plot of the total 
distance it takes for a melt pool to get to the steady state versus time shown below is seen 




                                  Figure 27 Plot of distance versus the total time it takes for melt pool to get to steady state. 
Next, we look at the plot of distance it takes the melt pool to geometry to get to 
steady state versus power.  
 





























Total Time for Melt Pool to get to Steady State (s) 






























Distance to Steady State Versus Power 




                     Figure 28 above seems to have a similar relationship with 
the trend shown by melt pool length versus power. This is so because, even though this 
distance corresponds to the location where the melt pool reaches steady state, it also is a 
representation of the melt pool length property. The width and the depth of the melt pool 
reach steady state at an earlier time. Therefore, it is always important to look at the melt 
pool properties one at a time to see when they get to steady state.   
6.6 Conclusion 
The change in melt pool width and depth is seen to follow a similar trend with the 
order of applied LED. This shows that knowing the magnitude of applied LED, a 
manufacturer can easily tell the order in size of melt pool melt pool depth and width. The 
depth and width of melt pool are required for fusion and re-melting of cooled down melt 
beads, this melt and re-melt of previously melted/cooled melt beads is what defines the 
microstructure of the fabricated part. This can help with optimization of process 
parameters for building the Invar tooling using LPBF process. Also, the distance it takes 
the melt pool depth and width to get to steady state is possibly one of the reasons for the 
inherent roughness of AM processes. This distance (between 0.5-0.8 mm) for melt pool 
width and depth can be seen in Figure 22 & Figure 24.  
Melt pool dimensions can all be seen to have a linear relationship with the speed 
at the beginning of the scan length. This relationship is more noticeable with length as the 
change in the length of melt pool is the last melt pool property to get to steady state. This 
is why the plot of Figure 27 in the introductory section of 5.4 resembles the plot of length 
versus LED (Figure 20, section 4.4.4). Length, therefore, is affected only by the power of 
laser beam and it remains constant over time (even in transient state).  
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Single pass experiments were performed to compare to the numerical results and 
gain additional insights. The motive for this experiment is to compare what the melt-pool 
width of Invar 36 will be at the various parameters with respect to an actual AM setup as 
compared to those obtained from the numerical simulations. 
7.2 Experimental Set-Up 
The experiment setup described here was completed using an in house AM 
machine built for the University of Dayton Research Lab (UDRI). This equipment has a 
YLR-AC 500W laser head which is a single-mode continuous wave (CW) Ytterbium 
fiber laser with a maximum power of 500W modulating a frequency range of between 0-
50 kHz. The scan head is a ScanLab inteliSCAN20 with positioning speed 11m/s.    
This experiment involves the laser glazing of an Invar 36 plate. The laser glazing 
was performed in a chamber with evacuated atmosphere and Argon inert gas. The glazing 
of the Invar 36 plate was completed for both single and multiple beads laser scans. The 
scans were performed on a 3 x 3 x 0.496 inch Invar 36 plate. The process parameters 
used are same as those used in the numerical runs. The power ranged from 200 to 300 
Watts with speeds varying from 1600 to 2600 mm/s. The powers and speeds used in this 
study are based on those used experimentally by Qiu et al. [27]. The length of each laser 
pass is 5 mm and having a 5 mm distance between laser pass on the build plate to avoid 
heat buildup within the plate.  
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7.2.1 Parameter Definition and Layout 
The process parameters used for the experiment are listed in the tables below. 
These tables are separated in two with numbering in the first column representing 
positions on the build plate while the second and third columns represent laser power and 
scan speed. 
Table 12: Single beads 
Scan No. Power (W) Laser Speed (mm/s) 
1 200 1600 
2 200 1800 
3 200 2000 
4 200 2200 
5 200 2400 
6 200 2600 
7 250 1600 
8 250 1800 
9 250 2000 
10 250 2200 
11 250 2400 
12 250 2600 
13 300 1600 
14 300 1800 
15 300 2000 
16 300 2200 
17 300 2400 
18 300 2600 
 







19 200 1600 2 stripes 
20 200 1800 
21 250 1600 
22 250 1800 
23 300 1600 
24 300 1800 
25 200 1600 3 stripes 
26 200 1800 
27 250 1600 
28 250 1800 
29 300 1600 
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30 300 1800 
31 200 1600 4 stripes 
32 200 1800 
33 250 1600 
34 250 1800 
35 300 1600 
36 300 1800 
37 250 1800 25 stripes 
 
 
Figure 29 The as planned experiment setup. 
 
The multiple laser pass section will have a hatch space of 80µm. The scan pattern 
will be bi-directional in the form shown below.  
 
Figure 30 Bi-directional laser scan Pattern. 
This scan pattern goes from left to right, starting from the root through the head of 
arrow 1 in Figure 30 and then continuing into scan 2 and 3 respectively for all multiple 
laser passes. There were multiple laser passes but that will be discussed in future work. 
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The speeds used for these sets of multiple beads will be done ranging from 1600 and 
2600 mm/s.  
7.3 Results  
The results from the experimental setup are discussed in this section, after which 
melt geometry for the numerical and experimental models are compared to see how much 
variation there is between the two. Figure 31(a) shows the laser glazed Invar plate while 






Figure 31  (a) Laser glazed Invar plate (b) Optical microscope image of a single melt scan on the plate. 
The lay out of the laser glazing of the Invar plate is as discussed in Table 12 & 
Table 13 except for the positioning of the 26 stripes multiple scan which is now 
positioned at the bottom of the plate. The reason for the change in position was only 
because of change in the size of substrate plate. Another reason was mainly to centralize 
the melt scans on the build plate. 
The result for the width of the experimental analysis is the only data discussed for 
now because the width can be easily measured without destruction of the plate. An Image 
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processing software (ImageJ) was used to measure the widths for the single laser scans. 
There is an uncertainty with whether the optical images of the sections for the single 
scans overlapped while taking the pictures with an optical microscope, but the overlap 
would be in steady-state sections of the melt pool. Each single scan was divided into five 
sections with a scale of 100 µm being equal to 392.67 pixels. 
7.3.1 Steady State 
The measured widths varied along the length of the melt scan. This could be 
attributed to a fluctuating laser input power on the plate as well as machine marks on the 
surface of the plate. Also, other melt pool forming factors like surface tension and Invar 
material properties could as well contribute to the irregularities. The mean melt pool 
widths for the experimental analysis are taken as the melt pool width at steady state. The 
steady state widths for the experimental analysis of the same process parameters used for 
the numerical model are presented below. 
Table 14: Mean values of the experimental melt pool widths.  
Power (W) Speed (mm/s) Mean Width (µm) Standard Deviation 
200 1600 105.1 6.09 
200 2000 100.8 6.29 
200 2600 92.5 4.31 
250 1600 115.6 5.37 
250 2000 109.7 5.82 
250 2600 102.9 6.89 
300 1600 132.2 8.08 
300 2000 118.2 6.01 
300 2600 112.3 7.07 
 
Table 14, listing the average width melt pool dimensions was obtained using 
ImageJ image processing software. Figure 32 below contain plots of melt pool widths at 
steady state against power and speed. 
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As can be seen from Figure 32, (a) shows the melt pool width versus power while 
(b) shows the plot of width against speed. The melt pool width is seen to increase with an 
increase in power while the increase in speed leads to a decrease the size of melt pool 
width, which is the same trend seen in the numerical results. 
The figure below shows the plot of melt pool width from experimental analysis against 





Figure 32  (a) A plot of experimental melt pool width at steady state versus power (b) Plot of experimental melt pool 





Figure 33 Plot of experimental width versus linear energy density 
Figure 33 shows a similar trend as can be seen from the plot of numerical width 
against LED. The variation in the plots of Figure 33 can be due to measurement errors as 
well as errors due to melt pool irregularities. These plots clearly show that the numerical 
prediction of melt pool behavior corresponds with the results obtained from the 
experiments for melt pool width. 
7.4 Comparison between Numerical and experimental results  
Comparing these values to the widths for both the numerical analysis and 
experimental analysis at steady state shows a close approximation of the melt pool 
geometry. The table below shows the percentage difference between the numerical 
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Table 15: Comparison of both numerical and experimental widths. 






200 1600 105.1 108.56 -3.29 
200 2000 100.782 98.385 +2.38 
200 2600 92.495 89.177 +3.59 
250 1600 115.641 117.77 +1.84 
250 2000 109.657 108.56 +1.00 
250 2600 102.964 96.543 +6.24 
300 1600 132.202 127.95 +3.22 
300 2000 118.195 116.32 +1.59 
300 2600 112.338 104.69 +6.81 
 
The largest percentage difference between the numerical and experimental 
analysis is within approximately seven percent (7%). A point to note from the table above 
is that the high percentage difference between the numerical and experimental results 
occurred at high speeds. This could be as a result of inconsistencies in laser beam power 
and speed input during the experiment as the numerical analysis simulates a continuous 
uninterrupted laser power and speed. Therefore, the higher the laser speed the more the 
inconsistency of the AM process between the numerical and experimental models. This 
shows that numerical models could be used to minimize cost for running actual 
experimental analysis by approximating the melt pool characteristics within a good range.  
7.5 Conclusion  
Melt pool geometry formation along the scan length for the experimental analysis 
is seen to exhibit a similar trend with that shown in Table 15 plots for the widths in the 
numerical analysis. This trend is as a result of the linear relationship between melt pool 
dimension (depth and width) and the linear energy density. The numerical approximation 
of melt pool width is within seven percent (7%) difference of the measured experimental 
width.  This shows that numerical thermal models can be used to predict the melt pool 
behavior and optimize the Invar 36 AM process. 
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8 FINAL CONCLUSION 
The ability to predict what materials are suitable for AM is useful to save costly 
experimental cost. This thesis uses a numerical modeling approach to assess the 
feasibility of fabricating Invar 36 using an LPBF AM process. Additionally, a novel 
investigation into the transient effects of common scanning strategies shows the 
importance of considering scan strategy in process parameter development. This work 
contributes to the current understanding of LPBF and sets-up future work to understand 
additional transient effects.  
A three-dimensional numerical model was created to simulate the LPBF AM 
process of Invar 36 material. This simulation was performed at a preheat temperature of 
300K with varying process conditions (power and speed). An experimental analysis was 
completed to compare the results from the numerical model. The numerical models 
simulated a single laser scan length of 4 mm with a laser spot size of 70 µm while the 
experimental analysis included both single and multiple scan lengths.   
Using Abaqus/CAE solver for the FE analysis, temperature distribution within the 
substrate is obtained at the selected process parameters. The results show that melt pool 
formation is related to the amount of energy applied to the system. Melt pool length and 
depths are seen to have a linear relationship with the LED while the melt pool length has 
a linear relationship with power and is seen to remain constant over any distance along 
the scan length. The melt pool dimensions for depth and width get to a steady state earlier 
than the length of the melt pool does. This is of vital importance for any AM process 
because, the longer the length it takes for the melt pool width or depth to get to steady 
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state, the more irregularities in the fusion of repeated laser scans there would be. This 
could lead to porosity within the fabricated part.  
The melt pool properties of length, width, depth are seen to have individual 
characteristic behaviors during an LPDF process. The time and distance it takes for these 
individual properties to get to the steady state are different and as such, the total time 
discussed in this study for melt pool dimensions getting to steady state was for the length 
property. That is why the                                   Figure 27 for the plot of distance versus 
the total time it takes for melt pool to get to steady state is similar to the plot of length 
versus LED in Figure 20. 
Speed as a process parameter has more effect on the formation of melt pool at the 
early phase of a laser scan length. Once the melt pool dimension begins to get to steady 
state LED effects are seen to dominate. This is same for both numerical and experimental 
analysis. The predictions for melt pool dimensions from the numerical analysis are seen 
to come to close approximation of the experimental results. These results confirm that 
Invar 36 could be used in an AM process for the manufacture of low production 
composite tooling and expose key transient conditions that are a source of variation 








9 FUTURE WORK 
The results presented in this thesis are a preliminary study to understanding the 
effects of melt pool formation with respect to the applied process conditions for Invar 36.  
The model neglecting latent heat of fusion was selected only for simplicity. Case2 also 
runs at a faster rate, thus, reducing computational time. Therefore, the exclusion of LHF 
was only done just to give a preliminary insight into the effects (with time) the melt pool 
geometry has due to the prescribed process parameters.  
For future work, a more sophisticated numerical analysis will be proposed and 
then the temperature gradient will be used to study and process map the types of 
microstructures obtained from using different processing conditions. Also, a look at 
multiple scan lengths will be done to see the effects of temperature buildup within the 
substrate. As the first laser scan completes, the temperature in the surrounding region will 
have some effects to the next laser scan. Therefore, a numerical model will be used to 
compare the results obtained from the experimental analysis already done.  
The figure below shows a plot of the first and the twenty sixth laser scan lengths 
from the experimental analysis. As will be seen from the plot, there is an increase in melt 
pool width dimensions as multiple laser scans a deposited. A study will be done to know 
when the melt pool dimensions for a multiple scan will get to a steady state. Displayed 
below is a figure of a multiple laser pass and a plot of the first and last melt pool width of 




Figure 34 Image of 26 laser multiple pass 
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